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ABSTRACT

A subsonic ducted rotor such as a fan, compressor, or propeller that is operating in a
finite length duct generates a complicated acoustic source. The sound producing mechanisms
involve interactions between the rotor and the turbulent flow field that result in unsteady
forces and dipole sound. In many applications, the spectral character of the sound radiated
from the system can be significantly different from that of the acoustic source due to the
presence of rigid, non-rigid, and damping surfaces which can act to amplify or attenuate
certain frequencies of the source spectra. The radiated sound from these systems depends
on the coupling of the distributed sound sources with the acoustic characteristics of the
surrounding surfaces. The present document describes experimental and analytical work
from a detailed study of the fluid motions and resulting sound sources of a subsonic ducted
propeller.

A new method for analyzing measurements of sound radiated from aeroacoustic systems
has been developed as part of this project. This method assumed the radiated sound to be
a combination of a compact source with a "blocked" transfer function. Experimental results
from a single stage low speed rotor operating in a finite length duct provided a database for
development and evaluation of the algorithm. The measurements were acquired at various
rotor operating points in order to obtain varied sound source characteristics without changing
the rigid geometry of the system. Typical agreement in the resolved transfer functions was
found to be 0.26 dB.

The effect of mean blade loading, approach turbulence and tip clearance on the sound
sources in the ducted rotor was investigated. Radiated acoustic measurements were acquired
at a range of speeds and operating points on the characteristic curve of the system. In
addition, hot wire anemometry was used to document the salient features of the flow field.
It was found that the sound spectra was dominated by tones at multiples of the blade passing
frequency at higher flow rates. At lower flow rates, part span stall led to local maxima in
the acoustic spectra at non-integer multiples of the blade passing frequency.
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SECTION 1

Introduction

1.1 Overview

This report describes the results and conclusions of an experimental study of ducted
rotor acoustics. The use of a duct in aerial and marine propulsion systems as opposed to
an open propeller design affords a number of distinct advantages. For example, the thrust
produced for a given rotor diameter can be considerably greater since the exit flow can
be accelerated through a discharge nozzle. A ducted rotor design also offers flexibility in
marine architecture because it removes the need for a single shafted propeller. Despite the
lowered efficiency of ducted propulsion system, these and other advantages have led the
U.S. Navy to consider various "shaftless propulsion" configurations for its next generation
of submarine vehicles. The intent is for these systems to allow increased payload fraction,
reduced construction and operating costs, and enhanced maneuverability.

The acoustic signature for both ducted propulsion systems and traditional, open pro-
pellers are both related to force dipoles on the blades due to blade-turbulence interactions.
However, the nature of these interactions can be significantly different for the two rotor
types. For example, an open propeller operates such that the blade tips (where the relative
velocity is maximum), is near the outermost part of the hull boundary layer. In an embed-
ded propulsion system, the hull boundary layer is drawn in to the inlet such that the rotor
experiences a strongly distorted approach flow, with duct wall boundary layers that interact
with the blade tips.

The propagation of acoustic energy to the far field can be significantly more complex
in ducted systems compared to an open propeller. For example, the distribution of acoustic
sources is not compact with respect to the duct diameter. Also, reflected waves from the
duct ends can lead to standing waves known as organ pipe modes. The coupling of these
phenomena with elastic structures further complicates the prediction of far field sound. The
duct would most likely have stiffeners, or ribs, that act as local scattering points for structure
borne sound.

The research conducted in this project was part of a larger program funded by the Office
of Navel Research (ONR). Specifically, the recent HIDO model studies have investigated
ducted rotor acoustics in geometries that are notionally similar to submarine applications.
These studies found a number of important similarities among these systems, and have
identified a number of important challenges for the understanding and a-priori prediction of
the acoustic signature. The present work both supports and extends the results from these
prior studies. Specifically, the motivation for the present work was:
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1. To study the sound generated from a highly configurable and simple ducted rotor

system,

2. To separate and identify the acoustics sources and the acoustic transfer function,

3. To use the variability of the system to isolate and investigate different source mecha-
nisms (turbulent ingestion noise, self noise, tip noise, etc.),

4. To obtain detailed measurements of the unsteady fluid motions upstream and down-
stream of the rotor in order to understand the nature of the force dipoles, and

5. To provide source field information as a baseline case for ongoing research using thin,
elastic shells.

The main objectives of this project were met, and the basic results of the study are
contained herein. Additional measurements are presently being acquired, and additional
processing and analysis of existing and new data is underway. The authors can be contacted
for further information beyond what is contained in this final report.

1.2 Aerodynamic Sound

Aerodynamic sound in a subsonic rotor is primarily generated by unsteady forces on rigid
surfaces, that is, turbulent flows interacting with the rotor blades. Goldstein[1] provides a
derivation of Lighthill's acoustic analogy, one of the fundamental equations of aeroacoustics.
The equation is derived from the Navier-Stokes equations and forms the basis of many
aeroacoustic theories,

1 fT i9 92 G 1 T 9G 1 T
2f-dS(- + poV. dS(y) dr.SaT Iv() 9yiyj TCgdydT + iC' T d,) ayi c TS()

The equation expresses the unsteady fluid density p' in terms of a region of fluid v((T), with
surfaces S(T), fluid stresses Tij and surface forces fi. The first term accounts for sound
generated in a volume of fluid and is important for high speed jet noise and other systems
with high fluid stresses, but is negligible for low mach number turbomachinery. The third
term is important in systems with mass flux, or where significant fluid displacement occurs
due to moving surfaces. For the present work the middle term in Equation 1.1 is dominant;
the sources of aerodynamic sound are primarily due to unsteady fluid forcing on the rotor
blades. To summarize, the following sources of noise are considered negligible or not relevant
to the current work: Jet noise, noise related to shock waves or other high mach number
effects, rotation (Gutin) noise due to steady thrust and torque and monopole or source noise
due to thickness effects of the blades.

There are many different mechanisms which can lead to unsteady fluid forces on the
rotor blades and some of these are illustrated in Figure 1.1. These mechanisms of rotor noise
can be divided into two categories, approach noise and self noise. Approach noise is any
sound that is dependent on the flow ingested by the rotor, while self noise is sound that is
generated by the rotor independent of the approach flow properties. These two categories
are further broken down in the following lists adapted from Blake[2].

Important causes of approach noise are:
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1. Rotor blades ingesting small-scale turbulence,

2. Inlet disturbances and other large-scale turbulence, and

3. Rotor blade interaction with duct or casing boundary layers.

Important causes of self-noise on rotor blades are:

4. Blade-blade tip vortex interaction,

5. Turbulence in the rotor blade boundary layer convecting past trailing edges,

6. Laminar flow separation and lift breakdown causing unsteady pressure, and

7. Laminar vortex development in the trailing wake.

TRAILING EDGE
FLOW

POSSTBAILING VORTEX

TRUECA SEPARATION 7•

STREET

Figure 1.1. Sources of sound on a lifting surface. Figure adapted from Blake[2].

Thle focus of the present research was on the relative importance of these different sound
sources and the connection between the sound producing mechanisms and the fluid motions
that cause them, as well as the acoustic transfer function between the sound sources and
the far field. An experimental facility was developed with highly configurable boundary
conditions that was used to study the sources of noise found in the above list. Experimental
measurements were used to determine the effectiveness of blocked modeling, and to develop
an algorithm to separate the rotor sound sources from the acoustic transfer function[3]. The
rotor was also studied under a range of mean blade loading conditions, and different sound
sources were found to be dominant at different operating points[4]. These and other results
will be presented in the following sections.

Section 2 will review some literature that is particularly relevant to the present work.
The experimental setup that has been designed and constructed for this research will be
described in Section 3. Section 4 will describe the blocked model data processing technique
that has been developed to separate the measured sound into a blocked source spectra and a
blocked transfer function spectra. Section 5 will present the results from a study of the rotor
system under a range of operating conditions. Section 6 will summarize the major findings
of this study.
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SECTION 2

Background

The two subsections that follow describe rotor acoustics and duct acoustics, respectively.
The literature that is discussed is a sampling of the most current and most relevant work
that has been done in the field, and is not an exhaustive review. Both fields are well
developed enough that extensive literature is available, as well as a number of excellent
review articles [5] [6].

2.1 Rotor Acoustics

A report by Huff[7] discusses the status of fan noise modeling as of 1997 and discusses
deficiencies in the knowledge base. The report reviews both analytical and computational
aeroacoustic (CAA) methods, focusing on the predictive capabilities of the current methods
and the underlying fluid mechanics. Huff concludes that it is still unclear what fan noise
sources are most important to model in order to predict fan noise, but points out that current
models predict tonal sound more accurately than broadband. Huff identifies a particular
deficiency in rotor-stator interaction noise, and the understanding of the fluid flow in this
region. Huff believes that current duct propagation and radiation models effectively predict
the far field sound when the source distribution inside the duct can be accurately provided.

The following subsections will review some of the same papers discussed in the NASA
report, as well as several others. Particular attention will be paid to work that considers
predictive methods for realistic systems. The first subsection discusses literature related
specifically to approach noise, while the second subsection covers self noise. The third
subsection describes the findings of some experimental studies that are particularly relevant
to the current study.

2.1.1 Approach Noise Literature

Tonal noise due to rotor-stator interaction

Fan tone noise predominantly occurs at integer multiples of the blade passing frequency
(BPF=BQ). An upstream guide vane or support strut can cause a velocity deficit that
is ingested into the rotor, and these inflow distortions occur at regular intervals in the
fan rotation. The rotor perceives this velocity deficit as a change angle of attack and a
corresponding change in lift force occurs. A method developed by Kobayashi[8] and evaluated
in detail by Kobayashi and Groeneweg[9] models a rotor as a rotating cascade of blades and

4



predicts the tonal response due to any inflow distortion that can be described in a Fourier-
Bessel decomposition. Tonal noise was found to be dependent on the width of a periodic
inflow distortion, such that for a single gaussian inflow distortion, the most sound was
generated when the distortion half-width was about .015 radians for a rotor with 15 blades.

A direct method for calculating sound due to a three-dimensional gust interacting with
a cascade of airfoils was developed by Atassi et al.[10]. Euler's equations were linearized
about the mean flow and the fluctuating portion of the flow leads to unsteady pressures
and radiated sound. The method was extended by Elhadidi and Atassi[11] to consider the
wake of a rotor impinging on an annular stator, and a variety of stator configurations were
examined including cases of lean and sweep in order to reduce tonal noise.

Broadband inflow noise due to ingested small-scale turbulence

The inflow into any realistic turbomachine is turbulent, with a wide range of length
scales. When a turbulent gust is ingested into the rotor it causes a change in loading on the
rotor blades. A turbulent structure is considered of small scale if only one blade interacts
with it as it passes through the rotor. Since the turbulent motions are of many different sizes,
the noise generated is broadband in nature. The simplified system of an airfoil in steady
flow experiencing a transverse gust was first solved by Sears[12]. A Sears function approach
to predict inflow noise due to small-scale turbulence was derived by Blake[2] and others as,

7r__ _2]2__ 2A 1/S2 irf
Th,(f)= Br- [p(QRt)2]2 (cnt)2 (Q•t) 2 Se\ ( ) 2 (2.1)

where D is the wave number spectra of the approach turbulence. This equation was derived
from a weighted integral of unsteady forces over the radius of the blade and assumes isentropic
turbulence and compact sources. A study by Lynch et al. [13] provides expressions for relating
point measurements of the flow field to the correlation length scales that are required for
this kind of acoustic model.

An experimental study by Scharpf and Mueller[14] considered the sound radiated by
a four-bladed propeller subjected to grid-generated turbulence. The turbulence levels were
varied and far field microphone measurements were acquired, and hot wires were used to
measure velocity coherence in the rotor wake. It was found that increasing the turbulence
level by 1% resulted in a 2 dB increased in the overall broadband sound levels. The same four-
bladed propeller was studied by Subraminian[15] using computational methods. It was found
that radiated tonal noise could be predicted with reasonable accuracy in both magnitude
and directivity.

Wojno et al. [16] used a semi-empirical model for the ingested turbulence and strip-theory
to predict the radiated sound from the same 10-bladed propeller used in the current research.
Predictions of the broadband sound were obtained between 1 and 3 BPF.

Tonal noise due to large-scale turbulence

Tonal noise can be due to large scale turbulent motions, which may have a different
mean velocity or a rotating motion that causes a variation in the approach flow to the rotor.
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As a basic model for turbulence with an axial correlation length (2A) that is greater than the
spacing of the blades, Blake suggests using the following expression for the unsteady thrust,

= 47r' Af)2u.4oR4 (C\ 2uJ (2A) Ah/rRt IA, (27rf/Q)12

3 f Rt (T o -kRt 1 + (AmB/Rt)2 1 + rmBC/Rt

(2.2)

with the acceptance function A,(kob) = -B-1 eikesb.

An extensive experimental study of rotor aerodynamics and radiated sound was con-
ducted by Trunzo et al.[17]. A major source of tonal sound was determined to be elongated
turbulent eddies ingested from the free stream, as shown in Figure 2.1. As turbulent struc-
tures with size on the order of the inlet diameter were ingested, the streamlines caused them
to be compressed in the plane of the rotor and elongated, such that several rotor blades
interacted with the same structure, producing correlated sound at multiples of BPF.

• Streomlines

Figure 2.1. Elongation of ingested turbulent structures that is a potential tonal noise source.
Figure from Turnzo et al.[17]

Boundary layer-rotor tip interaction noise

Moissev et al.[18] considered an annular ducted rotor ingesting various types of grid-
generated and duct wall boundary layer turbulence.. Correlation length scales of the various
turbulence cases were measured in axial arid tangential directions. Far field sound directivity
at BPF = 1 was measured and found to be nearly featureless between zero and 90 degrees.
Results of far field sound spectra were presented for cases with a 10 bladed and a 17 bladed
rotor with and without grid generated turbulence and with a several kinds of boundary
layers. Addition of a grid was found to reduce the tonal sound generated at multiples of
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BPF. The authors believe this effect was likely due to breakup of axial large scale motions.
The effect is largely to reduce the 2nd and higher multiple of BPF, with BPF=1 mostly
unchanged. The 10 bladed rotor was found to be louder than the 17 blade rotor at identical
loading conditions, an effect attributed to increased per-blade loading. A case with a fully
developed boundary layer inflow was found to be the loudest for both rotors, and up to 10
dB louder for the 10 bladed rotor. Three different flow coefficients were also tested, and the
increasing flow coefficient led to louder broadband sound. The authors conclude that most
of the sound is generated by the hub and tip regions of the rotor and due to the ingested
boundary layer.

2.1.2 Self Noise Literature

The turbulent motions in the rotor blade boundary layers create unsteady forces on the
rotor blade as they convect over the trailing edge, and these fluid motions are difficult to
describe analytically. Consequently far fewer studies have treated self noise.

A database of acoustic measurements was made by Brooks and Marcolini[19], who made
acoustic measurements of a number of cambered and symmetric airfoils under a wide range
of flow conditions. This database was later extended into an empirical self-noise prediction
code[20]. The self-noise code was used by Glegg and Jochault[21] to predict self-noise from
a ducted fan. Their approach was to take the Green's function for a rigid circular duct as
provided by Goldstein[1], and use it to simplify the acoustic analogy, given as Equation 1.1.
The self-noise code for a rigid airfoil was utilized and appropriate considerations for rotating
sources and duct mode coupling was made. The results of the paper were broadband self-
noise sound predictions for a rotor in a rigid duct as a function of duct flow rate, blade twist
and other parameters.

Some other examples of recent self noise studies include tip vortex noise[22] and blade
vortex shedding noise[23].

2.1.3 Experimental Studies of Rotor Noise

Longhouse[24] considered a .365 m diameter, 8 bladed axial flow fan in duct with a
blower in a configuration that was similar to the experimental setup used in the present
research. The test varied many experimental parameters, however only total sound power
was considered, instead of a power spectrum. The following is a summary of conclusions
related to the different experimental parameters that were considered:

Flow Coefficient Sound generally increased for lower flow rates and decreased with higher
flow rates. The curve is not completely monotonic, with some features at flow rates
lower than the design flow rate.

Tip Clearance Longhouse concludes that noise at low flow rates was related to the inter-
action of the rotor tip with the tip clearance vortex. Reducing the tip clearance from
the design for automotive purposes did little to the sound field until the minimum op-
erational clearance was reached, and approximately 15 dB noise reduction was found
for low flow coefficients.
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Blade Pitch Angle Changing the blade angle was found to essentially just change the
loading, and similar results were drawn as with changes to flow coefficient.

Inflow Disturbances Cylinders were placed upstream of the rotor in order to create cycli-
cal inflow disturbances. Sound was lowest with zero upstream rods, increasing with
four and eight, but decreasing again with 12. An analytical model was used to predict
the sound power due to the various number of upstream cylinders and good agreement
was found. The sound was found to increase at higher flow rates, leading to a mini-
mum sound power at a flow rate between minimum and maximum for the case with
upstream rods.

Longhouse described the total radiated sound pressure in terms of the scaling relation, first
presented by Mellin[25],

SPL tt Vp (2Rd) 2 , (2.3)

and the exponent X was plotted for various flow rates, as shown in Figure 2.2. In the case of
zero upstream disturbances a minimum value of around 3 was found for flow rates near the
design point, and at low flow rates of a value of about 5 was found. An analytical prediction
of 4.86 from Mellin[25] was noted. Adding rods makes the exponent X nearly independent
of flow rate, as presumably in the case with upstream rods the sound was dominated by the
approach flow. Another important conclusion was that the at low flow rates loading noise
was most important, at high flow rates noise due to upstream rods was dominant and both
were important around the design condition. Longhouse concludes that minimum noise and
maximum efficiency operating points were unrelated.

Ganz et al.[261, in a more recent study, considered a fan rig based on a jet engine,
operating with a fan, and with removable stator and inlet guide vanes. Their work assumes
that the different sound sources described in Section 1 are largely uncoupled, that is, they
act independently, and careful experimental work can reduce level of some of the sources
in order to identify the separate contributions to the total sound spectrum. Ganz et al.
measured the radiated sound from a rotor stage operated with and without a downstream
stator, with the boundary layer removed and with different kinds of ingested turbulence. By
operating without the stator and the boundary layer removed by suction, an estimate for the
noise due only to the rotor was obtained. By subtracting this radiated sound pressure from
that obtained when the stator or boundary layer were added, the respective contributions
to the total radiated sound was estimated. This process is illustrated in Figure 2.3, and a
typical example of the results is shown in Figure 2.4.

2.2 Duct Acoustics

Rotating machinery typically operates in a finite length duct or other geometry. The
sound generated by the sources is reflected and scattered by the geometry before being
radiated to the far field. Additionally, there are effects due to the distribution of sources
within the duct, duct organ-pipe modes, cut-on frequencies and the location of the rotor
within duct. An extensive review is provided by Doak[6]. These effects significantly alter
the propagation of the sound produced by the rotor. and strongly influence the spectral
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Figure 2.2. Variation of the speed exponent with flow coefficient. Experimental: o-, no
rods (on axis); o'- no rods (900); A , 8 rods (on axis). Analytical prediction: A, 8

rods (on axis). OD, design flow rate. Figure from Longhouse[24].

character of the sound as perceived by an observer outside the system. Several key concepts
of duct acoustics will be reviewed.

2.2.1 Duct Cross-Sectional Eigenfunctions

The wave equation in the frequency domain is known as the Helmholtz equation,

V215 + k 2p = 0, (2.4)

where the wave number k = w/c. A derivation is provided by Pierce[27] for the eigenfunctions
of a rigid duct of any cross section. A separable solution of the Helmholtz equation in
dimensions x, y, and z of the form

(XyZ) = X (X)T(y, Z), (2.5)



-P E Rotor self-noise

Z Rotor, no bll
_• •Rotor - boundary

Rotor with b/I layer interaction

t m noise

Rotor + stator, no b/I

Figure 2.3. Experimental sound source separation method used in Ganz et al.[26].

where the duct is aligned with the dimension x. Separation of variables leads, for separation
constant a 2, to the differential equations

a2+a2 T+a2T=o (2.6)

d2 X + (k 2 - a 2) X = 0. (2.7)

The cross section of the duct is governed by eigenfunction T and eigenvalues a2. For a circular
duct of radius a, the natural coordinate system is polar coordinates, with y = r cos(q) and
z = rsin(O). Equation 2.6 is further separable, with solution R(r)I(q), where XI can be
either cos(po) or sin(po), and where p is an integer. The radial function R(r) satisfies the
differential equation

4_r- a 2- R(r) = 0. (2.8)

This is Bessel's equation, and has solutions Jp(ar) for a circular duct. The boundary condi-
tion for a rigid surface requires that dR/dr = 0 at the duct wall r = a, so the solution is only
valid when aJ•(aa) = 0. The values 71p,q are used to denote the qth root of qJp,qJp ('%p,q) = 0.
These values have been tabulated, and a few are noted in Table 2.1. The combined eigen-
function for the duct cross section is thus

,Q(r,O) = KqpJp ,,--(qr) s pcs(P) }(2.9)

Plane waves are the 0,0 mode, and are always able to propagate in a duct. Higher order
modes only propagate for frequencies f > ?7p,qc/2,ra, in which case they are said to be cut-on.
For the duct used in this experiment with radius of 0.103 m, the first mode is cut-on above
977 Hz. The mode shapes for a few higher order modes are shown in Figure 2.5.
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Figure 2.4. Results of sound source separation experiment from Ganz et al. [261.

2.2.2 Duct Organ Pipe Modes.

Reflection of acoustic waves can cause constructive and destructive interference, leading
to amplification and attenuation of certain frequencies. When a plane wave travelling in a
duct reaches an open end there is a change in acoustic impendence and a fraction of the
energy is reflected back into the duct, while the remainder propagates out of the duct. An
impedance change occurs at the duct termination and the duct to appears longer than its
physical dimensions. The part of the wave that is reflected back can set up standing waves
in the duct, which are known as organ pipe modes. The corrected length of a circular duct

was calculated by Levine and Schwinger[28] to have an end correction of 0.6133 times the
radius of the duct at low frequencies. For a duct with two open ends the fundamental organ
pipe mode is therefore given as,

c

f0 = 2(L + 0.6133(2Rd)) (2.10)

2.2.3 Analytical Free Space Dipole Green's Function

The far field sound from a point dipole can be predicted analytically by the free space

Green's function. A development of the far field sound from point dipole sources is available
in both Pierce[27] and Blake[2] and is summarized in the following. In this section the
derivation considers only a point forcing in an unbounded fluid at rest.

11



q=O q=-1 q=2
p = 0 0.0 3.832 7.016
p= 1 1.841 5.331 8.536
p =2 3.054 6.706 9.969

Table 2.1. Roots (77) of the first derivative of the first kind of Bessel function

77pqJ (npq) = 0.

The Green's function Gm is defined as the solution to the inhomogeneous Helmholtz
equation,

V2Gm (r, ro, f) + k2Gm (r, ro, f) -(ro) (2.11)

where the right hand side is a point monopole source at location r0 and the observer is at
location r. For a point source in an unbounded medium, an expanding spherical wave gives
rise to the free space Green's function,

G,, = eikr /47rr, (2.12)

where r = Ir - rol.
A dipole is a superposition of monopole sources a small distance d apart (locations

ro + d/2 and r0 - d/2) and 7r out of phase. If kd < 1 this system is known as a point
dipole. The combined transfer function is therefore Gmn(r, ro ± d/2). As long as r > d, the
combined transfer function can be approximated with a truncated Taylor series as

Gmn(r, r0 -d/2) ýý Gmn(r, ro) + (d/2) • VoGm(r, ro), (2.13)

where Vo indicates the gradient with respect to the source coordinates. The pressure field
from this point source is

P = D . VoGm(r, ro), (2.14)

where D is the dipole-moment amplitude vector. The dot product can be reduced to
eikr

SIDI IVoGm(r, ro)I cos0 = IDDI 4k (ikr - 1) cos€, (2.15)

where 0 is the angle between the axis of the dipole and the observer. The term

eikr

IVoGm(r, ro)l 4= i2 (ikr - 1) cos€ (2.16)

can be called the free space dipole Green's function, and this result was used in the data
processing method that is discussed in Section 4.

12
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Figure 2.5. Illustrations of mode shapes for circular duct acoustic modes; q = number of
node circles, p = number of node diameters. Figure from Blake[2].
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SECTION 3

Experimental Setup

An experimental model of a ducted rotor was constructed in an anechoic chamber, as
illustrated in Figure 3.1. The model was designed such that the fluid dynamic and acoustic
boundary conditions could be manipulated and quantified. The duct was constructed from
PVC with a machined inner diameter of 0.206 m and a wall thickness of 0.013 m, and
supported by a vibration isolation pad. A center cylinder extended upstream of the duct
inlet and downstream of the outlet to create an annular flow passage. The inlet flow was
conditioned using a thin fabric with negligible acoustic impedance stretched over a cylindrical
wire frame. A compact servo motor was housed in the center cylinder to direct drive the rotor
at the desired speed. The upstream cylinder and motor were supported by eight streamlined
struts. The downstream center cylinder was cantilevered from a support structure beyond
the duct outlet (not shown).

The rotor was a ten-bladed propeller used by Sevik[29], with diameter R = 0.101 in,
constant blade chord C = 0.025 m and maximum thickness of 2.4 mm, and straight blades
incorporating twist only. The rotor operated with a tip gap equal to 5% of the blade chord.
The length of the duct was variable, as was the location of the rotor within the duct.

Center CylinderRigid Duct

Flow Conditioner Flow

Flo w ' - R otor

Support Struts

Figure 3.1. Schematic of experimental model.
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3.1 Flow Field Measurements

A single straight wire probe was used to acquire time resolved measurements in the
approach flow to the rotor and in the rotor wake. The probe was traversed in the radial
and azimuthal directions downstream of the support struts and 5 cm upstream of the rotor.
Measurements in the wake of the rotor were also conducted with a straight wire, oriented
such that it would be most sensitive to velocity in the F" and Y directions. The probe was
located 7 mm downstream of the rotor and traversed radially from the outer diameter of the
duct to the inner hub. The probe was located at an azimuthal location between two of the
support struts. A shaft phase signal was acquired from the motor controller so that phase
mean and phase RMS velocity could be computed.

3.2 Microphone Measurements

Radiated sound was measured using Brfiel & Kjar capacitance based microphones sam-
pled at 40 kHz. Two single far field microphones were used, at distances of 1.8 and 1.3 meters
from the duct inlet and angles of 9.5 and 45 degrees from the axis of the duct, respectively.
For all of the results presented in this document, the 1.8 meter microphone was used. Note
that this position provided a direct line of sight to part of the rotor. Initial measurements
utilized a beamforming array. However, this was found to provide little benefit compared to
single microphone results due to the low background noise of the AWT facility. Microphone
measurements were acquired at all rotor speeds at the operating conditions noted on Fig.
3.2. The data were processed into spectral densities with frequency intervals of 4.8 Hz. The
anechoic facility limited the useful range of measurement to only frequencies above 100 Hz.

3.3 Experimental Parameters

The following list describes the experimental parameters that were varied as part of the
completed work.

Rotor Speed The servo motor system was capable of driving the rotor at a specified speed
between 0 and 5000 RPM. For most of the data acquired to date, 11 rotor speeds were
used between 2500 and 5000 RPM. This is important for the data processing method
described in Section 4.

Duct Length The rigid plastic duct was constructed in short sections such that it would
be easy to add and remove pieces to change the total duct length. Overall length can
currently be varied between 0.62 and 1.4 meters.

Approach Turbulence The inlet flow was conditioned using a porous cloth at the entrance
to the duct. The character of the turbulence was controlled by placement of time support
struts and by modifying the casing boundary layer characteristics.

Operating Condition The back pressure in the duct was increased by adding flow resis-
tance in the form of thin cloth, and decreased by attaching the outlet of the duct
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to the fan system of the wind tunnel. A characteristic curve for the rotor was doc-
umented, as shown in Fig. 3.2, where the non-dimensional flow rate in the duct is
given by 0 = Uo/Vtip and the non-dimensional pressure rise across the rotor is given by

Ap/-pV? . The detailed acoustic and flow field measurements were acquired at
four operating points: € 0.42 representing zero pressure rise, € = 0.30 as a typical
design operating point, ¢ 0.22 as the maximum pressure rise, and ¢ = 0.17 where
the rotor was in rotating stall.

0.2
---- 3000 RPM

> 0.18 - . 4000 RPM

S0.16- - 5000 RPM

0.14

0.12

0- 0.1 ,

_ 0.08
0

0.06-

E 0.04-
0.02

0'
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Dimensionless Flow Rate, (

Figure 3.2. Dimensionless rotor characteristic curve. Arrows denote operating conditions
where detailed measurements were made.
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SECTION 4

Blocked Model Calculation of Transfer Function

Acoustic measurements acquired from the ducted rotor experiment were found to exhibit
spectral features that were significantly dependent on the geometry of the duct system. The
duct acts to amplify or attenuate specific frequencies such that the radiated sound spectra
is modified from the sound source spectra. In order to study the sound sources in this
system using far field microphone measurements a method was needed to account for the
duct transfer function effects. A similar decomposition of measured sound was previously
considered by Mongeau et al.[30]. This section describes a new method for decomposing
radiated sound spectra into features due to the sound source and features that are part of
the acoustic transfer function between the source and the microphone location.

4.1 Blocked Modeling Representation

The propagation of sound waves in low Mach number aeroacoustic problems is governed
by the inhomogeneous Helmholtz equation

V215 (r, f) + k215 (r, f) = 5(r0, f), (4.1)

where P is the Fourier transform of the unsteady acoustic pressure. The term & is the Fourier
transform of the acoustic source a = 19

2Tij/Ox,6x3 , where Tij is the Lighthill stress tensor.
The Green's function G (r, r 0, f) for this equation is defined the same way as in Section 2.2.3,
however the boundary conditions are different due to the specific rigid geometry of the duct
system. The solution to Equation 4.1 for rigid walled systems is an integral over all the
distributed sources at locations r 0 , and the Green's function between those points r 0 and
the observer location r, such that

5(r,f) = JJ (ro, f) G (r, ro, f) dV (ro). (4.2)

V

Following the derivation of Blake[2], if the distance r = Ir - rol between source and receiver
is larger than the wavelength under consideration and if r >> Ir»l such that the observer is
far outside the source region, then the receiver is in the acoustic far-field and the Green's
function can be separated. The effects due to time retardation between source and receiver,
the true spatial distribution of sound sources and Doppler effects due to rotation of the
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sources can be all be regarded as near-field effects, and the total Green's function can be
expressed as

G (r, r 0, f) Gfar (r, f) Gnear (ro0 f). (4.3)

The sound propagation from immediately outside the source region to the receiver is ac-
counted for in Gfar (r, f) while near field acoustic effects within the source region are ac-
counted for with Gnear (ro, f). Substituting Equation 4.3 into Equation 4.2, it is apparent
that Gf(I (r, f) can be taken out of the integral over the source region, such that,

5 (r, f) = Gfar (r, f) J & (ro, f) Gnear (ro, f) dV (ro). (4.4)

V

For a finite measurement of length T, an estimate of the sound pressure autospectral density
is defined as

P(r,f) = E{1P(r,f) P*(r,f)}, 
(4.5)

where E{.} denotes the expected value,, and the cross-spectral density of the source term is

4 ,, (ro0, r 02,w) = -E {I (rol, f) &* (r 02, f)}. (4.6)

An expression analogous to Equation 4.4 can be introduced in terms of these statistical
quantities,

P (r, f) I Gfa (r, f) 12 JJJ JJ (ro1 , r 0 2 , w) G'near (ro0, f) Gnear (r0 2 , f) dV (ro1) dV (r0 2 )•

V V
(4.7)

The right hand side of this expression can be written as a combination of two terms,

P (r, f) zD (f) g (r, f), (4.8)

where the source spectra D represents an effective lumped acoustic source and includes
acoustic propagation effects due to Gnar (ro, f) that may exist within the source region.
The propagation of acoustic energy from the source to the far field is now represented as
a single transfer function, g(f). This derivation of Equation 4.8 is similar to that given in
Blake[2] for rotors in an open field and by Mongeau et al.[30] for the case of ducted rotors.
The terms D and g are often termed the blocked source function and blocked transfer
function because they represent an approximate integral representation of the true source
distribution and Green's function, respectively.

It is of interest to consider the frequency range for which the compact source assumption
is valid. Blake[2] suggests that Equation 4.8 is valid so long as the sources are distributed over
a spatial extent that is less that one quarter of the acoustic wavelength. This corresponds to
frequencies of less than 855 Hz for the ducted rotor used in the present experiments based on
the duct radius of 0.1 in. This roughly corresponds to the cut-on frequency of higher order
modes of the duct. The data that are presented below, however, demonstrate that Equation
4.8 is a reasonable approximation at significantly higher frequencies.
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4.2 Fundamental Frequencies of the Ducted Rotor System

The issue that is addressed in this section can be stated as follows. Given measurements
of radiated pressure, can the source and transfer functions be independently determined? If
only one set of measurements is available, it is obvious from Equation 4.8 that this is not a well
posed problem. However, Mongeau et al.[30] suggested that multiple measurements of the
radiated sound P at different rotor speeds Q will allow for the separation of specific features
of the source and transfer function spectra. Consider, for example, that local maximum
in the spectra that are related to blade rate tones will occur at a frequency that increases
linearly with the rotational speed of the rotor. In contrast, spectral features related to the
geometry of the system, such as organ pipe modes of the finite length duct, will occur at a
fixed frequency, independent of the rotor speed.

The sound field generated by a ducted rotor can be considered to have two inherent
frequencies. The first is related to the relative motion of the blades with respect to the
approach flow. Following the notation proposed by Mongeau et al. [30], a Strouhal number
can be defined using the blade tip velocity as

St-= 27rRtf
VtiB (4.9)

This scaling and notation is justified by the fact that the sound sources will depend on the
fluid dynamics of the blade-flow interactions.

The second frequency scale is related to the geometry, and can be normalized by a
length scale of the geometry and the speed of sound. Again following the notation used by
Mongeau, the Helmholtz number is defined as

He 2Rdf (4.10)co

The measured sound spectral density has dimensions of pressure2 / frequency. For use
in this algorithm we consider a sound spectra P with dimensions of pressure2 , where the
density has been integrated to account for the frequency bin width. The dipole Green's
function as derived in Section 2 has dimensions of 1/Area, and so the dimensions of g are
1/Area. The dimensions of the unsteady dipole source are force, and D has dimensions
of force2 . Expressing the functions of interest in terms of decibels, and using the notation
X = log X, Equation 4.8 can be written as

P (f) = D (St) + G (He). (4.11)

The objective of the present effort was to exploit the dependence of D on the rotational
speed, f2, in order to use the measured P to obtain estimates of both D and G. By inspection
of Equation 4.11, there is clearly a limitation for any algorithm to separate D from G.
For example, absolute magnitude of D and G can not be determined. Additionally, linear
dependence (D oc St, G cx He) can not be separated by changing the rotor speed, and can
not be distinguished. In contrast, consider a feature of the sound source spectra that is very
narrow in shape. For this feature, a large change in the rotor speed will move the center
frequency of the feature, and allow the determination of the feature separate from the fixed
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transfer function spectra. In the results below, the size of large and small features and how
well they can be resolved by the presented algorithm is quantified in terms of a dimensionless
feature size and the ratio of the maximum to the minimum speed tested.

The two frequency scales are illustrated in Figures 4.1 and 4.2, which show measured
sound spectra P(Q, f) from the ducted rotor experiment in dB referenced to 2 0p Pa. A
number of distinctive features were observed in the spectra, including narrow band tones
at multiples of the blade passing frequency, and broad local "humps" which remained at a
fixed frequency location as the rotor speed was increased. Significant broad band sound was
also observed at high frequency. The transfer function G(He) has features that are aligned
in f, and remain at fixed locations in f as source speed is increased, as seen in Figure 4.1.
Normalizing frequency by blade passing frequency aligns the features of the sound spectrum
that are dependent on the source terms, such as blade passing tones, as shown in Figure
4.2. These two frequency scales are utilized in the separation algorithm that is presented in
Section 4.4.

55
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Figure 4.1. Measured sound spectra for ducted rotor at three rotational speeds.

4.3 Review of Previous Work

As already noted, the separation of blocked source spectra from an acoustic transfer
function using microphone measurements was first considered by Mongeau et al.[30]. It is
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Figure 4.2. Measured sound spectra for ducted rotor at three rotational speeds, frequency
normalized as St.

therefore appropriate to comment on their method, and note the differences between their
work and the present effort. An attempt to use their method for the present measurements
presented a number of challenges. First, the previous work assumed a fixed acoustic scaling
that may not hold in general. Specifically, they assumed that the source spectra would
increase as the cube of the rotational speed. Not only was that found not to be the case for
the present experiments, but it was found that the scaling exponent (denoted n below) was
found to be a strong function of the Strouhal number. Secondly, the method relies on using
an integrated adjustment to the transfer function magnitude in order to create a continuous
curve, and many features in this integrated region are lost. Finally, the user is required to
specify an interval of St in the calculation. The results were found to be strongly dependent
on the values chosen.

The method developed in this paper does not assume a value for the tip scaling, and the
resulting transfer function is determined from all of the available data, rather than at short
integration regions. Additionally, the efficacy of the present method was investigated using
mathematically defined input functions, as described in Section 4.5.1.
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4.4 Source-Transfer Function Separation Method

4.4.1 Aeroacoustic Scaling Model

An algorithm was developed that separates experimentally obtained sound spectra P(Q, f)
into source spectra D(Q, St) and the transfer function spectrum G(He). The method utilizes
the two frequency scales inherent in the system and seeks to incorporate the least restrictive
assumption about the functional form of the sound source spectra. The algorithm assumes
that a function Do exists, such that the source spectra at all rotor speeds is given by

D (Q, St) = Do (St) U[(st) (4.12)

where the exponent n is explicitly a function of St and is solved for in the algorithm. This
scaling relationship simplifies the problem by incorporating the dependence of the sound
source on rotor speed into Un(st). Taking the logarithm, Equation 4.12 can be rewritten as

D (9, St) = Do (St) + n(St) , log(Uti,). (4.13)

In words, the logarithm of the source D(2, St) is expected to increase linearly with log(Utip).
Deviations from this scaling were assumed to have been caused by transfer function effects.

The objective of the method can be summarized as follows. The algorithm seeks to find
a function G(He) that can be subtracted from the measured sound P(Q, f) such that the
source spectra D(St) scales linearly with the log of rotor tip speed log(Utip). Such a function
would account for the features of Figure 4.1 that remain at a fixed frequency as the rotor
speed is increased.

4.4.2 Implementation as a Computer Algorithm

The algorithm was implemented in Matlab on a desktop computer. Processing time
ranged from less than a minute to several minutes, depending primarily on the number of
points in the frequency spectra.

Step 1: Estimate Source Spectra as Dguess(Sl, f) = P(11, f) - Gg.S.(f). An
initial guess of G(He) = gg* was made, as introduced in Section 2.2.3, and Dguess(Q, f) =

P(Q, f) - Ggu,,s(f) was used to start the algorithm. The frequency axis of the estimated
sound source spectra was then normalized by BPF to obtain Dguess(, St), and the magni-
tude of D,,,,, was also scaled by IBPFI to conserve the integrated sound pressure. Linear
interpolation was used obtain the spectral magnitudes at discrete values of St from D(2, f).

It was important to consider the scaling of the frequency axis and restrict the calculations
to the extent of the available data. Specifically, the highest useable frequency was determined
by the highest St of the highest speed. As an example, the maximum measured sound
frequency of 20 kHz corresponded to St = 48 at 2500 RPM, and St = 24 at 5000 RPM,
so the highest St that could be used was 24. The limit of the estimates for D(St = 24)
likewise correspond to frequencies of 10 kHz to 20 kHz, so the lower value of 10 kHz must
be used in rescaling the functions back to frequency in Step 5 below. The useable range of
frequencies was therefore reduced by 1/SR, where the speed ratio SR = Qwax/Qmin. The
lower limit of the useable range was determined by experimental uncertainty, such as the
useable frequency range of the anechoic facility. A minimum useful frequency of 100 Hz for
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the present measurements corresponded to St = 0.24 for 2500 RPM arid St = 0.12 for 5000
RPM. The minimum usable value of St = 0.24 was used, which corresponded to 100 Hz at
2500 RPM and 200 Hz at 5000 RPM. The frequency range of usable data is reduced at both
ends by the scaling.

Step 2: Find n(St) using a linear fit to Dgue8s(fl, St) vs log(Utp). According to
the model given in Equation 4.13, at each value of St, a plot of D(Q, St) vs log(Utip) should
be a straight line with slope n(St). An example from the ducted rotor experiment is shown
in Figure 4.3 at St = 1.1. The presence of G(He) in the data causes some points be moved
off of the linear scaling, and these are considered outliers. For the ducted rotor experiment,
D(Q, St = 1) spans a frequency range from 416 to 833 Hz and measurements were obtained
at 11 speeds between 2500 and 5000 RPM. When one or more of these samples is amplified
or attenuated due to a duct mode or other effect they are moved off of the linear scaling.
The unknown function n(St) was determined using an ordinary least-squares fit, as well
as a robust linear fit method, as described by Huber[31]. The robust fit was implemented
using the robustf it () command in Matlab and is an iterative weighted adaptation of the
least-squares method, which reduces the influence of outliers on the linear fit. The linear fit
was made for all values of St in order to determine n(St).

Step 3: Estimate Do(St) using Equation 4.13 and n(St). An estimate for Do(St)
for each speed Q was found using n(St) determined in Step 2, Dgucss(,Q, St) from Step 1 arid
Equation 4.13. The estimates from each Q were averaged at each St to obtain Do(St). The
minimum and maximum values at each St were removed before averaging, in an additional
effort to remove outliers.

Step 4: Obtain Dnew(fl, St) using n(St) and Do(St). From Equation 4.13 it
is possible with n(St) from Step 2 and Doi(St) from Step 3 to get an improved guess for
D(, ,St), denoted Dnew(Q,St).

Step 5: Obtain G(He) using measured sound P(fn, f) and De,(nSt). The
source spectra D,(Q, St) were rescaled to get D(Q, f), and interpolation was again required
to get data at the same points as the original power spectra in f. An estimate of G(He)
is obtained for each rotor speed using the measured sound spectra P(Q, f), Dnew(Q, f) and
Equation 4.11. These these estimates were averaged over all speeds to get G(He).

Step 6: Use new estimate for G(He) to iterate from Step 1. Between one
arid three iterations were found to provide a balance between a converged solution and a
useful frequency range in the result. The example data from the ducted rotor at the same
points from Figure 4.3 are shown in Figure 4.4 after one iteration. This indicates the transfer
function features have been largely captured in G(He), and the linear scaling is seen to be
much improved.

4.5 Evaluation of Separation Method

4.5.1 Error Analysis of the Algorithm

A set of defined input functions was constructed in order to evaluate the effectiveness of
the algorithm. The set consisted of a function for G(He), a function for Do(St) and a scaling
n(St). A series of artificial power spectra P(Q, f) were created using Equations 4.11 arid
4.13 and used as input into the algorithm. The resulting function for G(He) could then be
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Figure 4.3. Experimental data showing linear fit to Dguess(St).

compared to the input, and an error computed by comparing the calculated transfer function
(Gc) to the actual transfer function (GA) as

S/f [Goc(f) - GA(f)]2 df

Error= /f [ f)]2 df (4.14)

The transfer function GA used for the defined input function set was a gaussian curve
with a parameterized frequency width Af and center frequency f, given as,

GA = e- ° (4.15)

and shown in Figure 4.5. The feature shape can be considered a worst case, since the values
were only positive and only induced outliers on one side of the correct linear slope in the
D(Q, St) vs log(Utip).

A series of transfer functions were tested over a range of f, and Af and the error was
computed. It was found that the error could be described by the functional relationship

Error = function (IL, SR). (4.16)

Specifically, the error curves at each SR collapsed when plotted against the feature size ratio,
Af If. This is reasonable because the range of f spanned at fixed St is a linear function
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Figure 4.4. Experimental data showing sound source linear scaling after transfer function
has been removed.

of St. In this experiment, at St =1 the 11 speeds span 416 to 833 Hz while at St = 10
the range is between 4160 and 8330 Hz. Lower St values result in frequency ranges that
are small, such that if the transfer function changes only slightly across the frequency range
it will not be well resolved. The apparent size of a feature therefore depends on its center
frequency 'location,' fr, as well as its frequency 'width,' Af.

The successful identification of transfer function features is also dependent on the speed
ratio used during measurement. A small speed ratio results in points that are close together
in f at constant St and only transfer function features that cause changes in that range
of frequency will be identified. A larger speed ratio allows larger features to be identified.
Minimum and maximum rotor speeds represent a physical limit to the experimental data
that can be obtained. Conversely, larger speed ratios effect the frequency range of the output
when computing the scaling between St €€ He, as discussed in Steps 1 & 5.

The error functions defined by Equation 4.16 are shown in Figure 4.6. For one specific
set of defined input function tests using SR = 2, a feature of size 0.1 was 99.6% resolved in
one iteration and 99.92% resolved after two iterations, while a feature size of 0.2 was 95%
resolved in one iteration and 97% resolved after three iterations. Small features are well
resolved under all speed ratios while larger features are poorly resolved. A higher speed
ratio leads to lower error, especially for larger feature size ratios.

The only assumption made regarding the nature of the source spectra was the scaling
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Figure 4.5. Example simulated transfer function.

relationship given by Equation 4.13. It was therefore of interest to simulate how well the
algorithm resolved features in G(He) when the source did not follow this type of scaling.
For example, acoustic compactness is directly related to the ratio of the acoustic wavelength
to the blade size. If this were the dominant effect, n(f) would be a more appropriate scaling
law than n(St). It was found that the ability of the algorithm to obtain the correct function
G(He) was unchanged by these differences in the functional form of n.

As a final note on the algorithm, a minimum of three points was required to use a least-
squares linear fit. Good convergence of the G(He) curves at different loading conditions was
found when five or more speeds were used.

4.5.2 Separation Algorithm Applied to Varied Sound Source Data

Another test of the algorithm was to use data acquired using the same geometry with a
variety of rotor sound sources. This would change the sound source under constant transfer
function conditions. The sound source was found to be significantly dependent on the rotor
blade loading,

- 12(4.17)
1/2pUt~i'

such that D(fQ, V), St). The blade loading was increased by applying various restrictions to
the duct exit that had negligible effect on the acoustic field, and decreased by attaching the
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outlet of the duct to the anechoic wind tunnel blower. The radiated sound from four loading
cases was measured at 11 speeds from 2500 to 5000 RPM. The spectra for Q) = 5000 RPM
are shown in Figure 4.7. Substantial changes in the sound produced by the system were
observed, indicating that the source spectra was a strong function of 0.

The transfer function from the various blade loading cases are shown in Figure 4.8 for
two iterations of the algorithm, using the far field dipole transfer function as an initial guess.
While the measured sound spectra were quite different, the geometry of the experiment
remained the same in all cases so there should be no change to the transfer function. This
was found to be the case, as the four transfer functions returned by the algorithm were all
very similar. The standard deviation between the four curves at each frequency was taken,
and a mean value of 0.26 dB was found.

The frequency axis shown in Figure 4.8 was normalized by the first organ pipe frequency
based on duct length L calculated as in Equation 2.10. The harmonics of predicted organ
pipe modes are seen to correlate with peaks in the resultant transfer function.

The algorithm also calculated the best fit slopes for n(St). Note that scaling the fre-
quency axis to St effectively increases n by 1 from the equivalent value for n(f). The results
for the four loading cases are shown in Figure 5.7, where a small amount of smoothing has
been applied to reduce small scatter due to interpolation error and the statistical conver-
gence of the spectral calculation. The scaling with tip speed was found to be a complicated
function of n(St), with peaks at integer multiples of blade passing frequency, and reduced
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Figure 4.7. Measured sound under different loading conditions at 5000 RPM.

sound power output scaling with higher values of St. Values of 5 < n < 6 are expected for
dipole sound.[2]

4.5.3 Separation Algorithm Applied to Varied Transfer Function Data

The separation algorithm was evaluated by operating the experimental system with
various duct lengths. This allowed the transfer function to be changed while keeping the
sound source constant. By keeping the distance between the rotor and the inlet fixed the
approach turbulence was kept constant. The downstream duct length was changed with
only minimal effect on the sound sources. A possible change to the sound source could
come from increased loading on the rotor blades due to pipe friction from the longer duct
lengths, but the pressure rise across the rotor under these different conditions was found to
be nearly the constant. The differences to the transfer function are not as great in this case
as the differences in the sound sources under different loading conditions, so this test is not as
rigorous as the previous case. Figure 4.9 shows the radiated sound with different duct lengths.
Note that the transfer function as shown in Figure 4.8 has diminishing feature magnitudes
at higher frequencies, so even with different duct lengths the radiated sound agrees to within
about 2 dB above 3500 Hz. Figure 4.10 shows transfer functions from two different duct
lengths, illustrating magnitudes differences of more than 10 dB. The algorithm was used to
identify the sound source spectra, and the results are shown in Figure 4.11. The resulting
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anechoic facility.

sound sources are seen to be within 2.5 dB above about 1000 Hz, while lower frequencies
do show some discrepancies. This are possibly due to the difficulty in capturing features
with large size ratio (AfIf,), as defined in Section 4.5.1. The resulting agreement between
the sound source spectra again support the validity of the blocked model. As expected, the
different duct lengths result in different transfer functions, but similar sound sources.

4.6 Summary of Separation Algorithm

A technique for processing aeroacoustic measurements was developed and evaluated.
The method utilized the two frequency scales that are inherent in many aeroacoustic systems
to determine the functional form of a blocked source and a blocked acoustic transfer function
given radiated sound spectra at various flow speeds. This technique was implemented as a
computer algorithm, and evaluated with mathematically defined input functions, as well as
experimental results from a low speed ducted rotor. The following conclusions can be taken
from these measurements:

* Any separation of blocked sources and blocked transfer function will require some form
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Figure 4.9. Measured sound at 5000 RPM for varying duct lengths.

of assumption about either the source or the transfer function spectra. In the present
algorithm, the acoustic source was assumed to increase with rotor speed to an unknown
power.

" The ability of the algorithm to determine spectral features was determined. Specifically,
features whose width to center frequency ratio Af < 0.1 were found to be 99% resolved

for a speed ratio of 2.

" The initial guess for the transfer function was selected to be the free space dipole
transfer function. Thus the absolute magnitude and large scale trend of the transfer
function were prescribed by this form. Features small enough to be identified were
found to be superimposed on the free space dipole transfer function.

" The algorithm was applied to process experimental data and a transfer function was
recovered for a ducted rotor model. Transfer functions were calculated for varied source
conditions and were found to closely agree, with a standard deviation of 0.26 dB. The
method effectively removes transfer function features from measured sound in a system
where a blocked dipole source term is an appropriate approximation.

" The spectral character of the ducted rotor transfer function was found to have peaks
of magnitude up to ± 10 dB at integer multiples of the first duct organ pipe mode, in
addition to other complicated features.
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As a final comment, the algorithm developed should be equally applicable for any aeroacous-
tic system with two frequency scales, not only for ducted rotor systems. The method has
also been applied to study high speed turbomachinery.
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32



SECTION 5

Flow Field and Acoustic Source Results

Sound generation in low Mach number turbomachines is typically dominated by un-
steady fluid forces on rigid surfaces. As a result, the radiated sound is closely related to
the unsteady flow field. Measurements of the flow field around a ducted rotor are used in
the present investigation in order to provide insight to the various mechanisms of sound
that are present at different mean loading conditions. Despite the identified importance of
mean blade loading on sound, there is still relatively little experimental data available that
describes the acoustics of ducted rotors at "off-design" conditions. Such information is not
only valuable for applications where the operating point is allowed to vary, but can also serve
to separate various sources within the rotor. As an example, sound generated by tip leakage
flow can be eliminated by setting the operating point such that there is no net lift at the
blade tips.

5.1 Flow Fields Results

One of the primary motivations of the present study was to provide a direct link between
the acoustics generated by the rotor and the surrounding flow field. This section will present
velocity statistics upstream and downstream of the rotor in order to document the basic
characteristics of the flow at the four loading conditions identified in Figure 3.2. A description
of the acoustic signatures in terms of the flow field observations will be provided Section 5.2.

The time mean and RMS contours of the approach flow are shown in Figure 5.1. The
dominant features were the wakes of the support struts which caused velocity deficits, re-
ducing axial velocity to about 0.9 times the spatially averaged velocity in the duct U0. The
RMS axial velocity in the free stream was less than 0.01 U0, while in the wake of the support
struts the RMS velocity was increased to about 0.05 U0. Turbulent boundary layers can be
observed at the hub and tip radii, where the peak RMS levels were found to be 0.09 U0.
Velocity spectra were measured and typical results are shown in Figure 5.2. The flow in the
boundary layer is seen to have the most spectral energy, while the undisturbed flow between
the support struts has very low turbulence levels, and the sharp peaks are actually acoustic
motions due to tonal noise generated by the rotor.

The phase mean measurements from the rotor wake survey are shown in Figure 5.3 for
the four different loading conditions. Phase RMS measurements are shown in Figure 5.4.
For reference the mean angle of attack experienced by the blades at several radial locations
was calculated and are given in Table 5.1. Note that all of the measurements were obtained
at a rotor speed of 3750 RPM. The characteristic curves shown in Figure 3.2 suggest that
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Figure 5.1. Mean and RMS of axial component of velocity in plane x/Rtip 0.25 upstream
of rotor.

the flow is essentially independent of Reynolds number, and the dimensionless data can be
considered to be representative for the speed range used in the acoustic measurements. The
following summarizes the observations observed at the four mean loading conditions.

0.42 This operating point was selected to represent a case in which the blades were at
nearly zero angle of attack, and thus did not raise the static pressure in the duct. The
phase mean data shown in Figure 5.3 at this loading condition indicate that the axial
distribution of velocity is nearly uniform, and equal to the nominal value of 0.42 as
set by the operating point. Narrow wakes from the 10 blades can be observed in the
mean velocity, and are distinct in the RMS values shown in Figure 5.4. The relatively
large magnitude of the unsteadiness in the wakes (u/Uo - 0.07) could have resulted
from turbulent boundary layers on the blades, or unsteadiness in the blade wake as
observed from the rotating reference frame.

= 0.30 This operating condition was chosen as a probable design condition with moderate
loading, but at a flow rate that is safely higher than the stall point. The relative flow
angles are less than 10 degrees over the entire span, and the blade boundary layers
appear fully attached. The RMS contours show lower unsteadiness in the blade wakes
over most of the span than was found at the higher flow rate. In addition, a small
but well defined tip structure is evident in the wakes, as indicated by small regions of
large RMS levels. This suggests that fluid flow at the blade tips is attached, but highly
three dimensional in nature due to the tip leakage flow.

= 0.22 This operating condition represents the highest pressure rise on the rotor charac-
teristic. The mean angle of attack is moderate near the tip, and relatively high (>16
degrees) near the hub. The mean velocity in the tip regions was reduced, although
the magnitudes were higher than one might expect for fully separated flow. Note also
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Figure 5.3. Phase mean velocity l/Uo measured at x/Rtip = 0.031.

the the RMS contours show a well defined large scale tip flow structure with increased
unsteadiness levels.

= 0.17 At this condition blades are past the stall angle over most of the span, and pressure
rise is lower than that obtainable at the higher flow rate. Although the blades are
likely in some type of rotating stall, a significant axial velocity can still be observed
over the entire span. A well defined blade wake structure can be observed in the RMS
contours near the hub, as the flow is likely attached to the blades. The tip structure
is significantly less organized compared with the previous condition.

Figure 5.5 shows velocity spectra from the hot wire measurements near the tip of the ro-
tor for the four different loading conditions. These data provide some additional information
about the rotor flow field that will be useful in describing the acoustic results in the next
section. Specifically, the ¢ = 0.42 case has the lowest broadband unsteady velocity levels
while levels at all the other flow rates are similar. At the highest two flow rates significant
peaks at blade rate harmonics are observed, while the lower flow rates feature little or no un-
steady component at these frequencies. Note the broad humps at lower frequency are likely
related to a part span stall condition. Specifically, multiple stall cells rotating at a fraction
of the rotor speed could result in the spectra shown. This possibility will be discussed in
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_=0.42 =0.30 ¢=0.22 4=0.17
r = Rhub = .25Rtip -1.2 7.9 16.7 23.9

r = .50Rtip -0.1 9.0 16.2 21.2
r - .75Rtip -0.7 6.7 12.2 15.8

r = Rtip -1.6 4.5 8.8 11.6

Table 5.1. Mean angle of attack a in degrees for rotor blade under different loading

conditions.
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Figure 5.4. Phase RMS velocity u/Uo measured at x/Rtip = 0.031.
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more detail in the following section.
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Figure 5.5. Autospectral density of axial velocity at r/Rtip 0.98, x/Rtip 0.0625.

5.2 Sound Source Variation with Operating Point

5.2.1 Unsteady Force Spectra

The sound generated by a low speed axial rotor can be considered as a superposition of
independent source mechanisms, each of which can be classified as either interaction noise
or self noise. Interaction noise in the present geometry can result from the interaction of
the blades with the mean velocity deficit and turbulence caused by the upstream support
struts, as well as the turbulent boundary layers at the hub and duct walls. Self noise can
result from a number of phenomena, including the interaction of the blade boundary layers
with the trailing edge, unsteady wake flows, three dimensional tip flow, flow separation and
lift breakdown, and rotating disturbances.

The radiated sound measurements were acquired at 11 speeds for each of the four loading
conditions described in Section 3.3. The spectral values were post-processed as described in
Section 3.2 in order to provide tlhe sound source spectra as an unsteady lift. These results
are presented in decibels, with a reference force of dynamic pressure based on tip speed times
rotor cross sectional area, Ff =pVtiprRt2 . These results are shown in Figure 5.6 for the
5000 RPM measurements. The following points of interest have been observed in the data.
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= 0.42 The source spectra for the two highest flow rates were found to be similar, and
both were dominated by tonal sound at integer multiples of the blade passing fre-
quency. The length scale of the strut wakes are large and periodic so that multiple
blades interact with the disturbances in phase, resulting in fluctuating forces that are
correlated between blades. Small scale turbulence in the approach flow is a source of
broadband sound, and the slow roll-off with frequency of the source spectra suggest
that there is a wide range of turbulent length scales. Note that one previous study[26]
has experimentally investigated the broad 'pedestals' around the blade rate tones and
found them to disappear when the duct outer boundary layer was removed by suction.

= 0.30 The moderate loading case produced the lowest level of radiated sound. The
decrease in the mean axial velocity from the 0=0.42 condition corresponds to a 28%
decrease in the magnitude of the turbulent fluctuations in the approach flow, and a 4%
reduction in the blade relative velocity. Given the unsteady lift from these interactions
should scale with i2U02, a 3.4 dB reduction in the unsteady lift would be expected. This
is consistent with the observed reduction in sound of approximately 3 dB at St < 4.
The phase RMS levels shown in Figure 5.4 show u/U0 in the rotor wakes decreasing
from 0.7 at ¢ 0.42, to 0.3 at € = 0.30. For frequencies f/BPF > 6 the source spectra
results for € 0.30 and ¢ = 0.42 are nearly identical. This suggests that the high
phase RMS value for € = 0.42 shown in Figure 5.4 is a result of unsteady motions of
the blade wakes, rather than turbulence in the blade boundary layers.

= 0.22 A sub-blade rate peak and a second multiple were the dominant features of the
source spectra. The first blade rate tone was still observed, although it is hidden in the
figure. Higher order tones blade rate were found to be diminished to levels below that
of the broadband, which was the loudest of any of the cases measured. The sub-blade
rate peak was found to be centered around 0.68 BPF, with a louder second multiple and
a much quieter third harmonic. These peaks are probably related to a stall phenomena
that is rotating at less than the shaft rate. One possibility is that there are one or
more part-span flow separations that exist in the blade row, and the tonal sound is
related to the unsteady forces caused by the repeated stalling and recovery of lift.

0.17 The blade rate tones were not observed in this case, even though the broadband
level was below the tonal level peaks observed in the two highest flow rate cases.
It is plausible that the largely separated flow led to the reduced tonal noise, as the
turbulent structures in the approach flow do not remain attached to the rotor blades.
This sound spectrum was also dominated by the tone at 0.68 BPF, with no higher
multiples apparent. Future research using a circumferential array of hot-wires will
provide a better understanding of these mechanisms of sound production. Another
possible explanation for the large peaks at 0.6 BPF can be given in terms of the low
frequency flow oscillation observed by Bragg et al.[32], where flow over an airfoil was
found to separate and re-attach at a regular frequency. Bragg et al. found that this
frequency occurred at a non-dimensional frequency fo = fC sin (a) /U between about
0.017 and 0.028, which corresponds to half of the frequency of the peak at 0.68 BPF.
This flow oscillation was found to be a full-span effect that occurs for airfoils which
can experience a separation bubble starting at the leading edge[33].
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Figure 5.6. Sound source spectra for rotor at 5000 RPM.

5.2.2 Sound Source Scaling

It is of interest to consider how the aero-acoustic sources scale in magnitude with velocity.
Specifically, P cc Uxip is assumed in the decomposition algorithm introduced above, and the
scaling n(St) is determined simultaneously with the transfer function. Note that scaling
the frequency axis to St effectively increases n(St) by 1 from the equivalent value for n(f).
Different scaling spectra were found for each of the four different loading conditions, and are
shown in Figure 5.7. At the highest flow rate (0 = 0.42), the blade rate tones were observed
to scale at n ; 1 higher than the broadband sound. The broadband for all loading cases was
highest in the range St = 4 - 8, dropping off at higher frequencies. The moderate loading
case (0 = 0.30) indicated the lowest overall power scaling of the conditions evaluated. The
two lower flow rates were found to have similar broadband scaling, but with large values
at the frequencies noted earlier in reference to rotating stall conditions, that is n > 6 for
St z 0.68. Table 5.2 provides the mean scaling averaged over frequency, n(f) = n(St) - 1.
The total sound pressure in dB is also given for the 5000 rpm case for reference.

5.3 Sound Source Results with Downstream Support Struts

The original design of the experiment placed the necessary support struts upstream of
the rotor for two reasons, 1) to provide quantifiable turbulent inflow to the rotor and 2)
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Figure 5.7. Power law scaling of rotor sound source.

0=0.42 ¢=0.30 q=0.22 0=0.17

n(f) 3.22 2.71 3.51 3.37
SPL, dB 72.4 69.9 77.8 82.1

Table 5.2. Mean power scaling under different loading conditions and total decibel levels at

5000 RPM referenced to Pref.
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to eliminate the complicated wake flow interaction with downstream struts as a source of
noise. All results described to this point are from operating the experiment with the struts
upstream, as shown in Figure 3.1. A set of experiments was conducted with the support
struts placed (3.5Rd) downstream of the rotor. The primary difference was expected to be
in the approach noise, since the strut wakes in the approach flow as shown in Figure 5.1
would be absent. A typical result is shown in Figure 5.8. The expected result was that the
broadband noise at low frequencies (0 < f/BPF < 2) went down, as would be expected from
the reduced approach turbulence. The tonal sound was found to increase, as shown by the
markers indicating the tones for the upstream strut case. This increased tonal noise may
be due to the rotor wake impinging on the downstream struts but more measurements are
needed to support this or other possibilities.

-45
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-95
0 1 2 3 4 5

Frequency, f/BPF

Figure 5.8. Sound source spectra for rotor at 5000 RPM comparing struts upstream and
downstream configurations. Tonal peaks for upstream strut case marked with -.

5.4 Sound Source Variation with Tip Gap

With the struts in the downstream configuration, the rotor was studied with a larger
tip gap. A section of duct with a smooth increase in diameter from the design dimension of
8.1 inches to a larger diameter of 8.15 inches was placed over the rotor blades, changing the
tip gap from 5% to 7.5%. Both tip gaps were run at two operating points. The first was at

¢ 0.30. In this case, with sound source results shown in Figure 5.9, a decrease of 2 dB
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between 0.4 BPF and 1 BPF. At a lower flow rate, ¢ -.t 0.20, and decrease of 5 dB between
0.5 BPF and 0.8 BPF was observed, as shown in Figure 5.10. The larger tip gap seems to
significantly reduce the broad peak due to rotating instability that was previously described
at 0.68 BPF.
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Figure 5.9. Sound source spectra for rotor at 5000 RPM with varied tip gap. q = 0.30.
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Figure 5.10. Sound source spectra for rotor at 5000 RPM with varied tip gap. q 0.20.
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SECTION 6

Conclusions

This report described the development and utilization of a new technique for studying
radiated sound from aerodynamic sources operating inside rigid geometries. The rigid ge-
ometry of a duct system acts to amplify and attenuate particular frequencies of the sound
source. A blocked modeling approach was used to identify transfer function effects from
a series of radiated sound spectra. The rotor sound source was studied under a range of
operating conditions and a number of sound producing mechanisms were identified. Flow
field measurements were used to provide insight to the unsteady fluid motions that cause
aerodynamic sound at subsonic flow speeds.

The separation algorithm provides a way to quantify amplifications and attenuations
that are qualitatively apparent in radiated sound spectra and uses a series of measurements
made at different rotor speeds to return a net transfer function. The blocked modeling
equation was found to have fundamental limitations on the size of features that can be
identified, independent of the algorithm, and these limitations were quantified through the
use of a mathematically defined data set. The algorithm was also tested on experimental
data, by changing the sound source only and verifying that the returned transfer function was
constant. Additionally, the transfer function was changed independently of the sound source
and the algorithm identified different transfer function spectra while the source spectra were
found to agree to within about 3 dB over a wide frequency range.

A study of the effect of blade loading on the sound generated by a ducted rotor has been
described. Radiated sound measurements were used to estimate the unsteady force spectra
and these were related to unsteady flow field measurements upstream and downstream of
the rotor. A number of conclusions were drawn from the calculated sound source spectra:

"* Manipulating rotor loading provides provides a means to identify the separate sound
sources. Different sound .source mechanisms were found to dominate under different
loading conditions. High and moderate flow rates were found to primarily produce
interaction noise while at low flow rates the sound source spectra were dominated by
broadband noise and low frequency broad peaks. Detailed fluid flow measurements
provided insight into the different interaction and self noise mechanisms.

"* Rotor noise is highly dependent on the operating point. Interaction noise identified
by large blade rate tones and broad pedestals was dominant at high and moderate
flow rates and increased scaling of blade rate tones was observed. At low flow rates
the noise was primarily broadband, with little to no measurable sound at blade rate
multiples.
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* Flow separation over rotor blades has significant effect on generated sound. At the
low flow rates interaction noise was found to be almost negligible. This is possibly
due to flow separation over the rotor blades, which causes the approach turbulence to
convect trough the rotor but away from the rotor blades. At the same time, the stall
phenomena leads to separation and recovery on the blades which is a source of unsteady
forcing. The number and magnitude of stall cells is dependent on the operating point
in the stall regime, but the frequency of the radiated sound was found to be at 0.68
BPF or higher harmonics.

* A minimum noise level operating point exists between the minimum and maximum
pressure rise conditions. As shown in Table 5.2, the minimum radiated noise level and
minimum sound power scaling were found at a moderate flow rate condition.
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APPENDIX A

Evaluation of Blocked Modeling

As part of the development of the separation algorithm described in Section 4, a formu-
lation was considered as a linear algebra problem. The combination of source and transfer
function is expressed in log space as,

Prad = D (Q, V, u(r, 0), f) g (L, L,, r, f). (A.1)

In logarithm space, as in decibels, this expression becomes a sum, with the notation X
log X,

P = D + G. (A.2)

Under the blocked modeling assumption, the terms D and G can be manipulated indepen-
dently. For example changing the rotor speed changes the sound source, but not the transfer
function, while moving to a different microphone location will change the transfer function
G without changing the sound source D. This can be extended to consider several different
radiated sound measurements, with different sound sources and different transfer functions,
and this can be written as a linear algebra problem. As an example, for a fixed geometry,
measurements made with different rotor speeds n = 1 : N,

P1  D 1 +G

P2 = D2 +G

P = D,+G.

Considering different combinations of sources and transfer functions provides additional
equations. Consider two speeds and two transfer functions:

P1,1 = D, + G1,

P1,2 = DI + G2,

P2,1 = D2 + G1,
P2,2 = D2 + G2,

(A.3)
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which can be expressed in matrix form as Ax = b,

1 0 1 0 D P1 ,11 00 1 D2 P1,2  (A.4)

0 1 1 0 G, P 2,1

0 1 0 1 G2 P2,2

We find that that rank(A) = 3. This says that the system is underdetermined. There are
not enough independent equations to find a unique answer. The fact that the equations are
dependent means that any equation is a linear combination of the other three. For example,
it means that P1,1 - P2,1 - P 1,2 + P2,2 = 0. The minimum and maximum speeds at different
loading conditions were selected to provide the biggest differences between sound sources
D1(0 = 0.42, Q = 2500 RPM) and D2 (0 = 0.17, 0 = 5000 RPM). Two transfer functions
were provided by two microphone locations with r = 2m from the inlet and angles of 9.5
and 45 degrees. The sum is shown in Figure A.1. For reference, the four curves Pn,m are
shown in Figure A.2. The error is seen be within - 3dB over most frequencies, with a few
very narrow peaks of around 10 dB.

Figure A.1. Plot of P1,1 - P2,1 - P1,2 + P2,2.

This method may provide a way to quantify the error in the blocked modeling assump-
tion. If so then it is certainly worth pursuing a more rigorous analysis of the blocked model
system. It may be that a blocked modeling assumption is not as appropriate in the case of
a flexible duct, and if so, this method may provide a way to quantify the error in making
that assumption.
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Figure A.2. Four combinations of two sound sources and two transfer functions.
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APPENDIX B

Nomenclature

B Number of blades
BPF Blade passing frequency (Bf2)
c Speed of sound
C Rotor blade chord
D Dipole sound source in logarithmic scale
f Frequency, Hz
G Blocked acoustic transfer function in logarithmic scale
G (r, r 0, f) True complex Green's function

He Helnholtz number (-D)

k Acoustic wave number (W)
L Duct length
Pref Reference pressure, 20 mPa
i5 Fourier transform of unsteady pressure
P Spectral density of unsteady pressure
Ap Pressure rise across rotor
r' Radial coordinate
r Far field observer location
r 0  Far field observer location
Rtip Rotor tip radius
Rd Duct radius

SR Speed Ratio ( ....

St Strouhal number 27rR-f = f/BPF
SRMS of axial velocity

R Time mean axial velocity
UO Spatial mean axial velocity inside duct

Utip Relative fluid velocity at rotor tip (/(1+ ¢2)Vt~i)

Vtip Rotor tip velocity (RtQ)
X Axial coordinate
p Fluid density
W Azimuthal coordinate
I\ Acoustic wavelength c/f

50



Flow coefficient ( ui-p_
Blade loading coefficient (

\ 1/2 tpU] --

Q• Rotor rotation angular velocity (2--)
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